Introduction
Nonlinear second-harmonic generation (SHG) microscopy has become a commonly used technique for investigating interfacial phenomena (Kemnitz et al., 1986; Shen, 1989) and imaging biological samples. (Moreaux et al., 2000) Different non-centrosymmetric nanometric light sources have been recently studied in this context, e.g. organic nanocrystals. (Shen et al., 2001; Treussart et al., 2003) For those systems, resonant optical interaction leads to an enhancement of the nonlinear response but also to parasitic effect that is detrimental for practical applications, namely photobleaching due to two-photon residual absorption. (Patterson et al., 2000) Conversely, inorganic non-centrosymmetric materials with far-off resonance interaction avoid this limitation. (Johnson et al., 2002; Long et al., 2007) Recent achievements have been obtained using KNbO 3 nanowires as a tunable source for sub-wavelength optical microscopy (Nakayama et al., 2007) and Fe(IO 3 ) 3 nanocrystallites as promising new SHG-active particles with potential application in biology. (Bonacina et al., 2007) However, either the dimensions of the used crystals are still of the order of the micrometer along one axis, (Nakayama et al., 2007) or the corresponding bulk material is not easily grown, (Bonacina et al., 2007) so that the crystal characteristics are not directly available. A complementary approach consists in considering a well-known SHG-active bulk material and investigating its properties in nanoparticle form. Different materials have been considered, e.g. BaTiO3 (Hsieh et al., 2009) and ZnO (Kachynski et al., 2008) . In this view, we were among the pioneers in this domain, considering the well-known KTP material. Potassium titanyl phosphate (KTiOPO 4 , KTP) is a widely used nonlinear crystal. (Zumsteg et al., 1976) Studies on this material have focused on the optimized growth of large-size single crystals, which have found numerous applications in laser technology for efficient frequency conversion. (Driscoll et al., 1986) Here we show that KTP particles of nanometric size (nano-KTPs) are an attractive material for SHG microscopy. Under femtosecond excitation and in ambient conditions, a single nano-KTP with a size around 60 nm independently determined with atomic force microscopy (AFM), generates a perfectly stable blinking-free second-harmonic signal which can be easily detected in the photon-counting regime. Furthermore, we demonstrate that this single nanocrystal can 7 www.intechopen.com be characterized in situ by retrieving the orientation of its 3-axis with respect to the optical observation axis. This analysis uses both nonlinear polarimetry and defocused imaging with a model that has been adapted from similar techniques developed for single-molecule fluorescence. (Bohmer & Enderlein, 2003; Brokmann et al., 2005; Sandeau et al., 2007) Such characterized nanocrystal can have potentially many applications in nano-optics or biology, and downscaling their size is a crucial step forward. From the point of view of detection techniques, we have developed two methods for investigating SHG nanocrystals and decrease the minimum detectable size for a SHG nanocrystal. In particular both techniques exploit the coherent characteristics of the second harmonic emission. First, a coherent balanced homodyne detection is associated to SHG microscopy, allowing us to detect nano-objects with high signal-to-noise ratio and phase sensitivity. (Le Xuan et al., 2006) Second, broadband femtosecond pulses are used to improve the second harmonic signal, with a perspective of spectral manipulation for coherent control of the nonlinear process. (Wnuk et al., 2009) 
Photostable second harmonic generation from single KTP nanocrystals
The KTP nanoparticles are extracted from the raw powder that remains in the trough at the end of the flux-growth process which leads to the synthesis of large sized KTP single crystals. (Rejmankova et al., 1997) We then apply a size-selection procedure by centrifugation which was previously worked out for optically active nanodiamonds and which leads to a colloidal solution of non-aggregated particles. Analysis with dynamic light scattering (DLS) of this solution reveals a strong peak in the size distribution centered around 150 nm (Fig.1 ). Centrifugation at a higher speed or for a longer duration acts as a low-pass filter on the size distribution, reducing the average peak value from 150 nm to 80 nm (30 min. at 5000 rpm), and 60 nm (10 min. at 11000 rpm). Fig. 1 . Size selection of the nanoparticles in the polymer solution. DLS spectra for successive centrifugations (a) 5 min. at 5000 rpm, (b) 30 min. at 5000 rpm, (c) 10 min. at 11000 rpm, and corresponding to an average particle size of (a) 150 nm, (b) 80 nm, (c) 60 nm.
Since we are interested in the study of a well-isolated single nanocrystal, the sample is prepared so as to enable identification of the same single nano-object under AFM, a classical white-light optical microscope, and a home-made scanning SHG microscope (Figure 2 ). We designed structured samples by first spin-coating the colloidal solution on a glass cover-slip, then etching it through a mask to leave square areas with nano-KTPs directly on glass. Figure 3a shows one such area labeled with photo-written numbers by the focus laser itself at high mean power (100mW at a repetition rate of 86MHz) and imaged using transmission microscopy in white-light illumination. Figure 3b corresponds to a 10×10 µm 2 zoom inside this domain. Well-contrasted spots are clearly visible and are attributed to the strong elastic scattering from nano-KTPs resulting from the mismatch between the index of refraction of glass (n ≈ 1.5 in the visible spectrum) and the average one of KTP (n ≈ 1.8). Figure 3c is an AFM image of exactly the same domain taken in non-contact operation mode. It indeed reveals a large number of objects with nanometric size. 
zzz = 2d 33 ≈ 34 pm/V along its 3-axis, when excited in the near infrared. (Sutherland, 1996) We use a SHG microscope, as described in Figure 2 , to identify if the scattering objects identified in Figures. 3a an 3b correspond to optically-active particles with nonlinear response. Femtosecond infrared light pulses (100 fs) at 86 MHz repetition rate are tightly focused on the sample with a high numerical aperture microscope objective (NA=1.4, ×100). Since the nanocrystal size is much smaller than the wavelength, we can neglect any phase shift between the fundamental and second-harmonic fields. Compared to propagation in a bulk nonlinear crystal, there is no phase-matching requirement, thus allowing us to excite the nanocrystal at any wavelength. Here we choose the excitation wavelength www.intechopen.com at 986 nm so that the light-matter interaction is highly non-resonant both at this fundamental and the corresponding 493-nm second-harmonic wavelength, where KTP remains highly transparent. (Hansson et al., 2000) The previously observed domain (see Figures 3b and 3c ) is raster scanned and the SHG signal is collected in the backward direction with the same microscope objective and is detected by avalanche photodiodes operated in the photon-counting regime (Figure 3d ). SHG is detected from a large fraction of the scatterers revealed by the white-light observation of the sample, as evidenced by the one-to-one correspondence between the spots that appear in Figure 3b and Figure 3d . Nearly all these emitters can also be unambiguously identified in the AFM image (white circles in Figure 3c ). The AFM measurement determines the height of the nanocrystals, a value taken as an estimate of the nano-KTP size. A shape and phase analysis of the AFM scan indicates that other non-emitting nano-objects observed in the AFM image are most likely small polymer residues left after the etching process of the polymer during the structuration procedure. We now focus on the study of an isolated nano-KTP, which corresponds to the spot labeled #1 in Figure 3c and 3d. This single particle is representative of the properties of a large number of similar nanocrystallites. A zoom of the AFM image shown in Figure 4a reveals a single particle of almost rectangular shape, with a 60-nm height and a size of 120 nm in its transverse dimensions. We note that the value of the transverse size is over-estimated, due to convolution of the nanocrystal shape with the AFM tip and to residual polymer that might have stuck to the nano-KTP sides. The corresponding SHG image in Figure 3d is a diffraction-limited spot as expected for an emitter with sub-wavelength size. The emitted photon flux at the center of the spot leads to 2.5×10 5 detection counts per second for an average incident power of 8 mW. It leads to a measured signal-to-background ratio as large as 250. Most remarkably, Figure  4b shows the photostability of the emitter under ambient conditions (room temperature and direct exposure to oxygen) since a constant detection signal is recorded for more than 120 minutes. This feature is due to the highly non-resonant character of the interaction: indeed, there is no population in any excited level that could lead to the occurrence of photoinduced degradation processes.
Defocused imaging of second harmonic generation from a single nanocrystal
Under similar experimental conditions, we found that the second-harmonic reflection of a strongly focused infrared excitation beam at the surface of a macroscopic KTP crystal with known axis orientation can be accurately modeled by the radiation of a single nonlinearly induced dipole. (Le Xuan et al., 2006) To analyze the second-harmonic emission of a single nano-KTP with sub-wavelength size, we apply the same model which neglects depolarizing and propagation effects associated to the dielectric material. (Bohren & Huffman, 2004) Under an incident electromagnetic field at fundamental frequency ω, the nano-KTP is then equivalent to a single dipole oscillating at frequency 2ω, with components associated to the second-order susceptibility tensor coefficients
where i, j, k span the Cartesian coordinates x, y, z in the laboratory frame. Describing the orientation of the crystal axes by the Euler angles , the nonlinear coefficients in the laborawww.intechopen.com tory frame are related to the known nonlinear coefficients in its crystallographic X, Y, Z axes through simple rotations
The resulting nonlinear dipole radiates a second-harmonic field , which is predicted to have a specific polarization through equations 1 and 2. Following recently developed polarimetry techniques for nonlinear microscopy, Le Floc'h et al., 2003) a polarizing beamsplitter analyzes the SHG orthogonal field components along x and y laboratory axes, located in the plane perpendicular to the microscope optical axis z. Each corresponding intensity is recorded as the excitation field is rotated with a half-wave plate in the path of the incident beam. Qualitatively, the polar graph of Figure 5a displays x and y second-harmonic emission similar to dipolar radiative patterns. They are related to the projection of the nonlinear emitting dipole in the (x,y) plane, i.e. Euler angle φ. In the case of a single nonlinear coefficient being non-null in Equations 1 and 2, we would have obtained two homothetic polar graphs. The different responses along x and y are due to the contribution of the five nonlinear coefficients in the KTP tensor. (Sutherland, 1996) Here, equations 1 and 2 allow us to retrieve
This polarimetry technique has however a low sensitivity to any dipole component along the longitudinal z-axis. To retrieve the orientation of the dipole in the three dimensions, we apply a defocused imaging technique. (Bohmer & Enderlein, 2003; Brokmann et al., 2005; Sandeau et al., 2007) For a given direction of propagation in the far field, the radiated field is proportional to
while the intensity radiation diagram is given by,
, where i stands for x, y, z. This radiation diagram is directly measured as a function of excitation polarization orientation by positioning a highly-sensitive CCD camera slightly out of the conjugated focal observation plane. The experimental defocused image is displayed in Figure 5b . Qualitatively, the outer "moon-shaped" structure is characteristic of an emitting dipole out of the (x,y) plane of the sample. (Bohmer & Enderlein, 2003; Brokmann et al., 2005; Sandeau et al., 2007) Compared to the case of single-chromophore fluorescence, (Bohmer & Enderlein, 2003; Brokmann et al., 2005 ) the image exhibits specific features associated to the nonlinear coupling described by equation 1 between the nonlinearly induced dipole and the polarization state of the excitation field . This allows us to determine the full set of Euler angles of the observed nanocrystal with a good accuracy while relying only on the SHG signal. (Sandeau et al., 2007) For the chosen nano-KTP #1 of Figure 3c , the model developed in (Sandeau et al., 2007) gives a single set of angles: Figures 5c and 5d display the numerical simulations corresponding respectively to Figures 5a and 5b with the determined Euler angles of the crystal axes. For more insight on the method, we focus in the next part on a more detailed 3D orientation determination of one typical single KTP nanocrystal. The experimental setup is described in Figure 2 . For defocused imaging, the SHG signal is directed towards a sensitive CCD camera (CCD 2 on the setup figure, having 512×512 pixels, 13×13 µm 2 pixel size, thermoelectrically cooled) which is translated by 15 mm towards the objective, so as to obtain a contrasted image of about 600×600 µm 2 size. Figure 6 exhibits measured defocused images from a single KTP nanocrystal for different polarization orientations of the incoming fundamental field in the sample plane. Different features appear on these images. First, they exhibit a symmetry axis which orientation in the sample plane is related to the nanocrystal in-plane orientation. Second, the structure of the image is characteristic of a nanocrystal exhibiting out-of-plane orientation with θ = 0 • . Third, the symmetry axis of the structure rotates when changing the incident polarization direction. This is characteristic from a nonlinear coherently induced dipole emission as opposed to a single fluorescent dipole, since the KTP multipolar symmetry structure allows coherent nonlinear coupling with various incident field polarization directions. The measured images are interpreted using a vectorial model calculation, in which the KTP nanocrystal is modeled by a cubic shape sampled by placing one individual dipole every nm 3 within this cube. The experimental imaging configuration is taken into account. Starting from the ring pattern observation for a first estimate of the 3D orientation parameter, the emission pattern calculation (Fig. 6 (f-j)) is then implemented to manually adjust at best the measured images ( Fig. 6(a-e) ). This leads to a 3D orientation determination with error margins of ± 5 • at maximum for θ and φ. This error is much larger for the ψ Euler angle (from ± 10 • to ± 50 • ), which is specific to the case of KTP for which there is only a weak difference between nonlinear coefficients involving the "1" and "2" directions perpendicular to the main "3" axis. (Vanherzeele & Bierlein, 1992) In order to confirm the values for the obtained orientation angles, they were used as input parameters to calculate the in-plane polarimetric SHG response of the measured nanocrystal. The corresponding angular dependencies agree well www.intechopen.com larization direction. This is characteristic from a nonlinear coherently induced dipole emission as opposed to a single fluorescent dipole, since the KTP multipolar symmetry structure allows coherent nonlinear coupling with various incident field polarization directions.
Starting from the ring pattern observation for a first estimate of the 3D orientation parameter, the emission pattern calculation (Fig. 4(f-j) ) is then implemented to manually adjust at best the measured images (Fig. 4(a-e) ). This leads to a 3D orientation determination with error margins of 5 at maximum for and . This error is much larger for the Euler angle (from 10 to 50 ), which is specific to the case of KTP for which there is only a weak difference between nonlinear coefficients involving the "(1,2)" directions perpendicular to the main "3" axis [25] . The angle is thus not strongly relevant by nature in the present study. In order to confirm the values for the obtained orientation angles, they were used as input parameters to calculate the in-plane polarimetric SHG response of the measured nanocrystal. The corresponding angular dependencies agree well with the experimental data (Fig. 4(k,l) ). Note that a direct determination of the Euler angles from such polarimetric responses would have been more delicate since the KTP symmetry exhibits several ambiguous situations when projected in the sample plane. This points-out the advantages of the defocused imaging technique, which encompasses a complete 3D coupling information in the observed pattern shapes.
The application of this technique to orientation measurements of more than ten isolated nanocrystals shows furthermore that only up to two incident polarization angles are necessary for an unambiguous angular determination. This is illustrated in Fig. 5 for two different nanocrystals, where the corresponding calculated image could be found with a good agreement with the experimental data.
At last in addition to 3D orientation determination, such a technique presents the unique property of providing a diagnostics for the crystalline quality of an isolated nano-object. In- with the experimental data ( Fig. 6(k,l) ). Note that a direct determination of the Euler angles from such polarimetric responses would have been more delicate since the KTP symmetry exhibits several ambiguous situations when projected in the sample plane. This points out the advantages of the defocused imaging technique, which encompasses a complete 3D coupling information in the observed pattern shapes. Performing numerical simulation on nanocrystal of different sizes, we note that that small differences occur but in general the patterns of the defocused images have similar features, with a symmetry axis along the direction of the nonlinear induced dipole. The ring-structured shape appears to be in all cases representative of the tilt angle of the "3" axis of the crystal with respect to microscope objective axis z. The rough similarity among the observed pattern with respect to crystal size shows that radiation imaging can be used as a robust technique to determine orientation independently on the crystal size, provided that it lies below 150-200 nm. Above this size range, the fine structure of the observed rings is seen to clearly deviate from the single dipole model. For KTP nanocrystal of size smaller than 100 nm in diameter, the SHG emission can be modeled correctly in a dipolar approximation. In addition to 3D orientation determination, such a technique presents the unique property of providing a diagnostics for the crystalline quality of an isolated nano-object. Indeed the presence of nanocrystals of different orientations in a same focus point would strongly affect the defocused image properties described above, and allow a direct conclusion on the mono-crystallinity of the observed object. This is illustrated in Fig. 7 , representative of a nanometric size KTP for which images are deprived from a symmetry axis and deviate from the previously observed ring structures. Such images are representative of the presence of at least two KTP nanocrystals in the focal 
ize KTP for which images are deprived from a symmetry axis and deviate fro sly observed ring structures. Such images are representative of the presence of a P nanocrystals in the focus point of the objective, which could not be revealed ervation of the diffraction-limited spot size. er observation can furthermore conclude that in this two-KTP nanocrystals p hem is likely to lie close to the vertical X axis of the images, since the SHG p hes a ring structure for a X-polarized excitation. The other KTP nanoparticle is ly excited for a polarization angle close to 45 (relative to X), and therefore ma ger signals in Fig. 6(b,c) as the excitation angle increases. This deviation from a m ne structure is confirmed in the polarimetric response of such a nano-object, nnot be fitted using a single KTP unit-cell model, but rather by two or more nan ntations. The polarimetric responses could indeed be adjusted by the coherent ad 
A finer observation allows us to conclude that in this two-KTP nanocrystals picture, one of them is likely to lie close to the vertical x axis of the images, since the SHG pattern approaches a ring structure for a x-polarized excitation. The other KTP nanoparticle is preferentially excited for a polarization angle close to 45 • (relative to x), and therefore manifests with larger signals in Fig. 7(b,c) as the excitation angle increases. This deviation from a mono-crystalline structure is confirmed in the polarimetric response of such a nano-object, which curve cannot be fitted using a single KTP unit-cell model, but rather by two or more nanocrystals orientations. We have demonstrated in this section that defocused imaging of second harmonic generation radiation from a single KTP nanocrystal can provide a direct retrieval of its 3D orientation. This orientation information, based on the knowledge of the nano-object crystalline symmetry, can thus be used as a complete characterization of the excitation-dependent polarization state from a nonlinear nanosource. In addition, we show that this technique provides a unique possibility to inform on the mono-crystallinity nature of a nano-object. Finally, this analysis method is a promising tool of analysis of the vectorial electric-field character from an unknown electromagnetic incident radiation, taking advantage of the rich features appearing from the nonlinear coupling between matter at the subwavelength scale and complex optical polarization components.
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Balanced homodyne detection of second harmonic radiation from single KTP nanocrystal
SHG is a coherent process thus interferometric detection schemes are well suited to the detection of the emitted field. Among possible techniques, coherent balanced homodyne is known to exhibits a sensitivity to extremely low photon flux rates (Yuen et al., 1983) . Although high sensitivity with such a technique has been demonstrated to detect surface SHG emission from an air-semiconductor interface (Chen et al., 1998) , to the best of our knowledge it had never been applied to the study of nano-objects. Since the optical phase of the SHG emitted field is directly related to the sign of the associated nonlinear susceptibility, measuring directly its value provides important information about the nonlinear material (Stolle et al., 1996) . At nanometric scale, it allows to determine the absolute orientation of dipoles with nonlinear hyperpolarisabilities such as organic nanocrystals , to detect the polarity in cell membranes (Moreaux et al., 2000) , or to study the boundary between microscopic crystalline domains (Laurell et al., 1992) . Such application prospects strongly motivate the development of phase-sensitive SHG microscopy with highly sensitive detection compared to SHG interferometric schemes previously developed (Stolle et al., 1996) . In this work coherent balanced homodyne detection is associated to SHG microscopy, allowing us to detect nano-objects with high signal-to-noise ratio and phase sensitivity. The principle of the experiment is shown in Fig.8 . Femtosecond infrared light pulses are injected in an inverted optical microscope and tightly focused. Backward second-harmonic emission by a nonlinear crystal placed on a glass cover slide at the microscope focus is collected by the microscope objective and transmitted through a dichroic mirror toward the detection set-up. A small fraction of the fundamental beam is also reflected from the cover-slide and follows the same optical path, providing the phase reference. Second-harmonic emission of the crystal, further referred as "signal", corresponds to an electrical field
obj is the phase shift of the SHG field emitted by the object as compared to the one of the incident fundamental field E (ω) in on the object. For a macroscopic nonlinear crystal, the SHG field is
obj reflects the phase of the nonlinear susceptibility χ (2) . For a nonlinear crystal in its spectral transparence window, χ (2) is real with a positive or negative value depending on the absolute orientation of the nonlinear response in respect to the crystal axis. Therefore determination of Φ (2ω) obj allows to infer the absolute orientation of the nonlinear crystal. For the coherent optical homodyne detection of the SHG signal, the local oscillator (LO) is generated by sending part of the incident infrared beam into a bulk BBO nonlinear crystal (Fig.8) . A Glan prism ensures linear polarization of the local oscillator along the x-axis and x-polarized signal and local oscillator are recombined by a non-polarizing 50/50 beamsplitter cube. The 180 • out-of-phase interferences at the two output ports of the beamsplitter are detected by photodetectors D 1 and D 2 . In balanced detection mode, the two resulting photoelectric signals S 1 and S 2 are subtracted 1 , thus canceling out their DC component. The interferometric signal is then A bulk KTP crystal with axes as shown in Fig.9 is used to test the setup. The Z-axis is parallel to the crystal input face. With a strongly focused pump beam, a SHG backward emitted beam from the interface is observed (Boyd, 2003) . We first check in Fig.9b that ∆S (2ω) associated to this surface SHG grows linearly with the fundamental incident power on the crystal P (ω) in , as expected from Eq.4. If the crystal is rotated by 180 • around the microscope optical axis (z-axis), the nonlinear coefficient χ (2) is transformed in −χ (2) and a 180 • SHG-phase-shift is expected. Results are shown in Fig.9c . The amplitude shows a maximum of x-polarized SHG when the linear polarization is aligned along the Z-axis of the crystal (ψ = 0 • or 180 • ) which exhibits the highest nonlinear coefficient. The full line is the theoretical result assuming an x-polarized incident plane wave normal to the interface and a single nonlinear emitting dipole which takes into account all nonlinear coefficients of the KTP χ (2) tensor. It yields good agreement www.intechopen.com KTiOPO4 single nanocrystal for second-harmonic generation microscopy 181 with experimental points. The phase-shift ∆Φ (Fig. 9d) remains constant while the nonlinear dipole has a positive projection along the x-axis (0 • < ψ < 90 • ). It then endures a 180ą-phaseshift when it becomes negative (90 • < ψ < 180 • ). The small deviation to the constant value is attributed to drift of the φ 0 parameter during the step-by-step rotation of the KTP crystal.
(cts/20 ms) We then apply the method to the detection of SHG from KTP nanocrystals. To first locate the crystals, the sample is raster-scanned in x and y directions with piezoelectric translators and SHG is detected with the avalanche photodiode as shown in Fig.10 . A SHG signal image of such a nano-crystal is shown in Fig.10a . A quadratic dependence of the detected SHG intensity is observed upon varying P (ω) in as expected (see Fig.10b ). After positioning the focused infrared excitation beam at the center of the detected emission spot of a single nano-crystal, we switch to the coherent balanced homodyne detection set-up. SHG interference fringes (Fig.10d ) associated to fundamental ones (Fig.10c) are clearly visible, giving evidence for the coherence of the nano-crystal SHG emission. Since the balanced homodyne detection method consists in the projection of the signal electric field on the spatio-temporal mode of the local oscillator, mode-matching between signal and LO beams determines maximal amplitude of the fringes. This can be quantified by the fringe visibility V of Eq.4 being equal to unity for perfect mode-matching. With a 2 mW LO average www.intechopen.com power, the smallest SHG fringe amplitude measured with 1 s duration averaging is equivalent to a signal power P (2ω) sig ≈ (7.2 ± 5.0) × 10 −19 W assuming V = 1. The uncertainty evaluated for 95 % confidence interval is equivalent to 3.2 detected photons/s, close to the shot noise limit. However a unity fringe visibility is practically difficult to achieve. In an auxiliary experiment using equal powers for signal and LO beams, we measure V = 0.21, leading to an actual sensitivity of 80 photons/s. Such a reduced value for the visibility factor is attributed to imperfect mode-matching between signal and LO modes, including polarization mismatch, wave-front distortion, and frequency chirp on the SHG-emitted femtosecond pulses. To conclude this section, we have demonstrated a SHG phase-sensitive microscope with coherent balanced homodyne detection, showing a sensitivity at the photon/s level. The highspatial resolution and the sensitivity of the technique is well-adapted to the study of SHG from nano-crystals.
Coherent nonlinear emission from a single KTP nanoparticle with broadband femtosecond pulses
As a coherent process, the number of SHG photons emitted by a noncentrosymmetric nanoparticle scales as the square of the number of "oscillators" in the nanocrystal, i.e., as the sixth power of the nanoparticle average size. As a two-photon process the SHG intensity is also expected to scale, for a constant average laser power, as the inverse of the pulse time duration. It is therefore tempting to reduce the pulse duration from the standard 100 fs to 10 fs available from broadband ultrafast lasers in order to enhance the second harmonic photon emission rate by an order of magnitude, thus reducing the limit size of detectable nanoparticles. Nevertheless, this downscaling has to be done with care since high-order phase dispersion of the microscope objective and other optical components induce temporal aberrations in the excitation pulse interacting with the nanoparticle at the focus of the microscope (Guild et al., 1997) . Using recently developed techniques for temporal characterization at the microscope focus and careful precompensation (Lozovoy et al., 2004) , SHG from large objects has indeed been shown to scale as the inverse of the pulse time duration (Xi et al., 2008) . Additionally, the broadband excitation corresponding to a 10-fs pulse offers the possibility of spectral manipulation for coherent control (Warren et al., 1993; Weiner, 2000) of two-photon absorption and non-resonant second harmonic generation (Broers et al., 1992; Meshulach & Silberberg, 1998; Wnuk & Radzewicz, 2007) . While it has been recently shown that a SHG-active nanoparticle of a size about a few hundreds of nanometers can be used for pulse detection in a nanoscopic version of the FROG technique (Extermann et al., 2008) , the effects of manipulation of the excitation beam on SHG emission, i.e.,decreasing the time duration of a precompensated pulse as well as structuring its broadband spectrum, have not yet been investigated at the single nanoparticle level with a size well below the wavelength of light. Moreover in this size range phase matching conditions are automatically fulfilled, improving the coherent emission. Here we have shown that the use of broadband ultrashort laser pulses, precompensated using an automatic genetic algorithm,improves the second harmonic emission from a single nanoparticle of size about 100 nm. It results in a contrast enhancement of the SHG image obtained by raster scanning the sample. In this process, smaller nanoparticles are revealed for a given background. We also manipulate the broadband incident spectrum in a very simple manner to obtain a nondegenerate sum-frequency generation from a single nanoparticle.
The experiment is realized using a titanium doped sapphire (Ti:Sa) femtosecond laser with a 100 nm bandwidth. The laser spectrum is sufficiently broad to support pulses of approximately 10 fs duration. A genetic algorithm (Baumert et al., 1997 ) is used to search for the best phase correction on the incident pulse. A bulk KTP crystal with one face polished served as reference sample. Under femtosecond beam illumination, the second harmonic signal emitted by the crystal and detected with an avalanche photodiode operated in photoncounting regime served as the feedback information in the genetic algorithm procedure. The bulk crystal, instead of a nanocrystal, was selected because it provides a high signal to noise ratio, which speeds up the search for the optimal phase of the excitation pulse. The phase correction was achieved with two consecutive systems: a two-prism compressor used for the rough compensation of (mostly quadratic) phase, and a compact pulse shaper using a diffraction grating and a spatial light modulator (SLM) (Weiner, 2000) . The SLM-based pulseshaper was used for the genetic algorithm search for the optimal phase. To evaluate the result of this search we estimated the duration of the excitation pulse at the focus of the microscope by recording the interferometric autocorrelation of the pulse using the second harmonic field generated in the KTP nonlinear crystal. The result of the genetic algorithm search leads to a pulse of, approximately, 13 fs duration. Once the optimal pulse shape was found its duration can then be increased to any value by adding, with the SLM, a controlled amount of the second-order phase. The corresponding SHG photon number was then measured as a function of the corresponding pulse duration. For a constant average incident power, the SHG signal is expected to scale as the inverse of the duration of the pulse at the microscope focus. Indeed, we observed a linear increase of the SHG signal with the inverse of the time duration, as shown in Fig. 11 . However, the measured average slope is approximately 0.7 instead of unity. This is due in part to the broadband spectrum which cannot be perfectly compressed by the SLM due to pixelization of the correction signal and imperfections in spectral wings compensation. Analysis of the data shown www.intechopen.com in Fig. 11 reveals that the slope is indeed close to unity for long pulses, while it decreases with the pulse duration. Such a behavior is consistent with imperfect phase compensation: even small phase errors become important when the pulse duration approaches the Fourier transform limit. Despite this imperfect phase compensation, the SH count rate is nevertheless improved by almost an order of magnitude, as compared to excitation by standard 100 fs pulses with the same average intensity. With precompensated pulses, we recorded rasterscan maps of the SH signal originating from well dispersed KTP nanoparticles deposited by spin-coating a colloidal solution on a glass cover-slip. Figure 12 shows maps of the same area of the sample recorded with different pulse durations ranging between 200 fs and 13 fs. Firstly, for nanoparticles already visible at 200 fs, a clear increase of the signal-to-noise ratio is observed for shorter pulses. Secondly, Fig.12 reveals that a higher number of nanoparticles appear in the maps acquired with shorter pulses, since smaller objects can be detected due to enhanced second harmonic emission. This contrast enhancement is crucial for many practical applications of nonlinear microscopy. The pulse autocorrelation measured on an individual KTP nanocrystallite in the focus of the microscope is close to the Fourier limit, which confirms the efficiency of the phase compensation and gives evidence that all spectral components of the precompensated pulse are converted by the nanoparticle. We note that the bandwidth of the SHG is, for bulk nonlinear crystal, limited by phase matching conditions (Boyd, 2003) . However, because of the subwavelength dimension of the nanoparticle spectral filtering associated to phase-matching becomes negligible even for ultrashort femtosecond laser pulse. The broadband nonlinear response opens the way to the coherent control of the different spectral components of the single incident beam in order to manipulate the second-order nonlinear emission (Dudovich et al., 2002) .
As a proof-of-principle of such spectral manipulation, we used a two-band incident spectrum, containing well-separated but coherent "red" and "blue" parts (see inset of Fig. 13 ),in order to excite and subsequently filter out a non-degenerate sum-frequency (SF) signal. If we simply assume two average excitation frequencies "R" and "B" in the single incident beam,the SF signal is due to a nonlinear polarization of the form (Boyd, 2003) :
where i, j, k stand for x, y, z, the laboratory axes. With two well-separated spectral bands, Eq.5 shows that we have access to the different polarizations j, k of the driving fields, then select a specific nonlinear coefficient χ
ijk , and thus control the direction i of the nonlinear dipole at the generated sum frequency. This can be applied e.g. to enhance the recognition of the nanoparticle-marker in a complex environment, and to investigate the shape dependence of the nonlinear optical response of an individual nanoparticle. Yet another possible future application concerns the measurement of the polarization properties of a femtosecond pulse in the focus of a microscope objective. In principle, the spatial resolution of such a measurement is limited by the minimum size of the nanocrystallite that produces a measurable signal. With sub 100-nm detection limit demonstrated in our experiment we hope to obtain in the future a detailed 3-D map of the polarization in the vicinity of the focus. A simple two-band excitation is performed, as an experimental proof of principle, by blocking a part of the incident pulse spectrum. A bandpass filter is then placed in the detection path to transmit ω R + ω B , and reject both 2ω R and 2ω B . We checked that excitation with any single spectral band, i.e., ω R or ω B , does not produce SF signal. Varying the power of the blue band www.intechopen.com of the spectrum while keeping fixed the intensity of the red band leads to a linear increase of SFG vs. blue band power (Fig. 13) , as expected from Eq. 5. Due to the intrinsic absence of ensemble averaging, this result can be considered as an improved version of Kurtz powder method (Kurtz & Perry, 1968) , now applied on a single 100-nm size nonlinear nanoparticle.
To conclude this section, we have shown that phase-compensated 13-fs infrared pulses generated through the application of a genetic algorithm allow one to gain about one order of magnitude (as compared to standard 100-fs pulses with the same average intensity) in the SHG emission rate of a non-centrosymmetric single KTP nanocrystal. This leads to efficient optical detection of smaller nanocrystals which appear only when shorter pulses are used.
Since there is no phase-matching limitation on the bandwidth of the excitation pulses, even shorter (sub-10 fs) pulse scan can be used to even further enhance the second harmonic signal. Optical autocorrelation from a nanocrystal with an AFM measured size of about 100 nm has been recorded, showing that pulse characterization can be obtained even on SHG-active nanoparticles of sub-wavelength size.
www.intechopen.com Fig. 13 . Coherent sum frequency generation from a single nano-KTP vs the intensity of the blue band. Inset: corresponding pulse spectrum with two distinctive parts "red" and "blue". The nonlinear response is detected in the sum-frequency band with an interference filter transmission (spectral transmission shown in red). Note that in the latter case the wavelength scale has been multiplied by two.
Conclusion
In summary, we have reported the observation and the characterization of nanometric-sized crystals extracted by centrifugation from KTP powder. For a well-isolated single nanocrystal, in situ AFM analysis of its size and analysis of its second-harmonic emission properties have been performed. The highly efficient nonlinear response leads to the emission of a large number of SHG photons in a photostable and blinking-free manner due to non-resonant coherent interaction. By recovering the radiation pattern from the recorded defocused images, we retrieve the in situ three-dimensional crystal orientation. Solution-based chemical synthesis of KTP nanocrystals with a monodisperse size controlled by capping agents, (Biswas et al., 2007 ) now under way, should lead to optimized KTP nanocrystallites and to a more accurate estimate of the size-detection threshold. It also opens the way to surface functionalization of these nanocrystals. Fully characterized nano-KTPs are attractive for the development of novel schemes of nonlinear microscopy. Moreover, due to the non-resonant interaction, they can be envisioned for probing the localized electromagnetic field enhancement that appears at the apex of a metallic tip (Bouhelier et al., 2003) or is randomly generated by granular metallic www.intechopen.com
KTiOPO4 single nanocrystal for second-harmonic generation microscopy 187 structures (Stockman et al., 2004) while avoiding any detrimental quenching effect (Buchler et al., 2005; Carminati et al., 2006) induced by the metallic interface. The coherent character of the second harmonic emission from a single KTP nanocrystal have also been demonstrated in a balanced homodyne detection scheme, which permit nanoparticle detection with high signalto-noise ratio and phase sensitivity. Furthermore, broadband femtosecond pulses have been successfully employed for studying of a single KTP nanoparticle, which open a bright perpective for spectral manipulation for coherent control of the nonlinear process at the nanoscale.
